Anaplastic lymphoma kinase (Alk) and leucocyte tyrosine kinase (Ltk) were identified as "orphan" receptor tyrosine kinases (RTKs) with oncogenic potential. Recently ALKAL1 and ALKAL2 (also named "augmentor-β" and "augmentor-α" or "FAM150A" and "FAM150B," respectively) were discovered as physiological ligands of Alk and Ltk. Here, we employ zebrafish as a model system to explore the physiological function and to characterize in vivo links between Alk and Ltk with their ligands. Unlike the two ligands encoded by mammalian genomes, the zebrafish genome contains three genes: aug-α1, aug-α2, and aug-β. Our experiments demonstrate that these ligands play an important role in zebrafish pigment development. Deficiency in aug-α1, aug-α2, and aug-β results in strong impairment in iridophore patterning of embryonic and adult zebrafish that is phenocopied in zebrafish deficient in Ltk. We show that aug-α1 and aug-α2 are essential for embryonic iridophore development and adult body coloration. In contrast, aug-α2 and aug-β are essential for iridophore formation in the adult eye. Importantly, these processes are entirely mediated by Ltk and not by Alk. These experiments establish a physiological link between augmentor ligands and Ltk and demonstrate that particular augmentors activate Ltk in a tissue-specific context to induce iridophore differentiation from neural crest-derived cells and pigment progenitor cells.
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phosphorylation | cell signaling | cytokines | surface receptors | pigment development R eceptor tyrosine kinases (RTK) represent a class of cellsurface receptors that convert an extracellular signal, in the form of a specific stimulatory ligand, into an intracellular response (1) (2) (3) . Ligand binding to the extracellular domain induces tyrosine kinase activation, resulting in the stimulation of multiple intracellular signaling pathways that promote cell proliferation and differentiation among other processes necessary for normal cellular homeostasis (1) (2) (3) (4) (5) .
As RTKs are key regulators of important cellular events, their dysregulation results in a variety of pathological conditions resulting in many diseases, including several cancers (4) (5) (6) . One family of RTKs includes the homologous receptors designated "anaplastic lymphoma kinase" (ALK) and "leukocyte tyrosine kinase" (LTK) (1-3) that were initially discovered as RTKs with potential oncogenic properties (7) . ALK has received significant attention during the past decade because of its important role as an oncogenic driver of several cancers. A subpopulation of nonsmall-cell lung carcinoma is driven by the EML4-ALK gene translocation, which encodes for an oncogenic protein composed of the cytoplasmic domain of ALK fused to a gene product, EML4, that is capable of dimerizing and stimulating ALK tyrosine kinase activity (8) . Moreover, gain-of-function mutations of fulllength ALK were identified in subpopulations of pediatric neuroblastoma (9, 10) and melanoma patients (11, 12) .
The normal, physiological roles of LTK and ALK are not well understood. Mice deficient in Ltk or Alk do not display pronounced phenotypes. Alk-deficient mice display a decrease in newborn neurons (13) and defects in brain function (14) . Ltkknockout mice do not display a significant reduction in newborn neurons (13) . However, Alk-and Ltk-double-knockout mice exhibit an 80% reduction in newborn neurons, suggesting a compensatory function of the two RTKs (13) . It was also shown that in zebrafish (Danio rerio), morpholino-mediated knockdown and pharmacological inhibition of Alk result in reduced neuronal differentiation and survival in the central nervous system (15) . Zebrafish deficient in ltk, first identified as "shady," is a wellestablished model for the study of vertebrate pigmentation (16, 17) . Shady larva and adult mutants lack iridophores, the blue-tinted cells that reflect light to give fish their metallic shine and which, together with yellow xanthophore and black melanophores, generate the zebrafish's stripes (18) (19) (20) .
Only recently did Alk and Ltk lose their "orphan" RTKs designation when their physiological activating ligands were identified (21) (22) (23) . One ligand originally designated "FAM150A," also named "augmentor-β" (AUG-β) and recently named "ALK and LTK-ligand 1" (ALKAL1), functions as a high-affinity ligand of LTK. A second ligand, designated "FAM150B", also named "augmentor-α" (AUG-α) or "ALK and LTK-ligand 2" (ALKAL2), functions as an activating ligand of both ALK and LTK (22) . AUG-α and AUG-β are basic proteins with a predicted mass of 14.5 and 11.4 kDa, respectively (22) . They consist of a variable N-terminal region and a conserved C-terminal domain, termed the "augmentor domain," with 65.9% sequence identity across the two molecules (22) . It is noteworthy that genetic studies have shown that jelly belly (Jeb) and hesitation behavior-1 (Hen-1) function as
Significance
Receptor tyrosine kinases (RTKs) and their stimulatory ligands regulate a variety of cellular processes. Many diseases, including cancer, are driven by mutations in or dysregulation of RTKs and their signaling pathways. The physiological ligands responsible for activating the RTKs, ALK and LTK, remained elusive. Recently, the ligands of each were identified and named "ALKAL1" and "ALKAL2" ("FAM150" or "augmentors"). Here, we demonstrate that zebrafish contain three distinct ligand molecules and describe their role in controlling pigment development in the embryo and adult zebrafish eye and body. These experiments show that these hormone-like molecules are critical factors influencing neural crest cell differentiation and progenitor/stem cell fates in zebrafish, suggesting a role for augmentors in control of similar processes in higher organisms.
ligands for Alk in Drosophila melanogaster and Caenorhabditis elegans, respectively (24) (25) (26) (27) Here, we use zebrafish pigment development to characterize the physiological function of the augmentors as ligands for Alk and Ltk. Our data show that zebrafish possess two aug-α gene homologs, aug-α1 and aug-α2, and a single aug-β gene. Iridophore patterning of embryonic and adult zebrafish deficient in all three augmentors phenocopy the ltk mutant but not the alk mutant. Genetic analysis experiments indicate that aug-α1 and aug-α2 are sufficient to allow the differentiation of neural crestderived cells (NCCs) to embryonic iridophores. During adult pigmentation, aug-α1 and aug-α2 remain the favorable ltk ligands for iridophore development of the body. However, aug-α2 and aug-β are required for iridophore development in the adult eye. These results indicate that particular augmentors may allow the activation of Ltk in a tissue-specific context to induce iridophore differentiation from NCCs and adult pigment progenitor cells.
Results and Discussion
We use zebrafish as a model system to explore the physiological roles of Alk and Ltk ligands by analyzing the phenotypes of liganddeficient fish. Unlike the human and other mammalian genomes that contain two augmentor genes, zebrafish contain three augmentor orthologs designated "aug-α1," "aug-α2," and "aug-β," encoding for small, basic proteins with masses of 16.2, 22.5, and 17.6 kDa, respectively (Fig. S1A ). We noticed that two highly conserved cysteine residues in the C terminus are missing from the sequence of aug-α1 deposited in the Zfin database (Zfin ID: ZDB-TSCRIPT-100915-712). We therefore cloned and determined the sequence of aug-α1 as well as the sequences of the two other augmentors. This analysis confirmed the sequences of aug-α2 and aug-β and corrected the flawed sequence of aug-α1 deposited in the Zfin database. Indeed, comparison of their primary structures showed that, like their human counterparts, zebrafish Alk and Ltk ligands are composed of two distinct regions: an N-terminal variable region and a C-terminal augmentor domain that contains four cysteines critical to maintaining augmentors' structural integrity via disulfide bonds ( Fig. 1A and Fig. S1A ).
Zebrafish orthologs of ALK and LTK differ from their human counterparts in the composition of their extracellular domains (ECDs) (8) . In humans, the ALK ECD is composed of an N-terminal heparin-binding region (NTR) (28), one low-density lipoprotein receptor class A (LDLa) repeat flanked by two meprin/ A5-protein/PTPμ (MAM) domains, an augmentor-binding glycinerich region (GlyR), and an EGF-like motif (Fig. 1B) (22) . Human LTK ECD is composed of only a GlyR and an EGF-like motif (8, 17) . The presence of MAM domains is a distinctive feature between the two receptors in mammals. In contrast, the ECD of zebrafish Alk contains an LDLa repeat followed by a MAM domain, a GlyR, and an EGF-like motif (15) . The ECD of zebrafish Ltk contains an LDLa domain flanked by two MAM domains followed by a GlyR and an EGF-like motif (Fig. 1B) (16, 17) . The annotation of zebrafish Alk and Ltk was originally proposed based on a comparison of the sequences of the tyrosine kinase domains of human and zebrafish receptors. It is noteworthy that the zebrafish Ltk ECD sequence contains striking hallmarks of human ALK. The presence of MAM domains distinguishes ALK from LTK in mammals, but MAM domains are present in both RTKs in zebrafish. Unlike human LTK, the ECD of zebrafish Ltk contains an LDLa repeat flanked by two MAM domains with topology identical to the topology of corresponding domains in ECD of human ALK. Moreover, the primary structure of the GlyR of zebrafish Ltk is more similar to human ALK (64.0% identity) than to human LTK (59.7% identity) (Fig. S1B ). Phylogenetic analysis suggests that vertebrate alk and ltk arose by a gene-duplication event in evolution (16) . On the basis of these considerations, we propose that the zebrafish genome contains two orthologs of ALK-like RTKs, alk-1 and alk-2, rather than the so-called zebrafish "Ltk" and "Alk," respectively.
Generation of Loss-of-Function Mutations of Alk, Ltk, and Their Three Ligands in Zebrafish. We used the CRISPR/cas9 system (29, 30) to generate zebrafish mutants deficient in the aug-α1, aug-α2, and aug-β genes individually and combination and evaluated the phenotype of all mutants. Likewise, the CRISPR/cas9 system was used to generate zebrafish mutants deficient in alk or ltk and in both alk and ltk. Single-guide RNAs (sgRNA) were engineered to introduce insertion-deletion (indel) mutations in critical regions detrimental for ligand binding or receptor activity (Fig. 1 A  and B, arrowheads, and Fig. S1C ). To minimize any potential offtarget affects, F0 fish were outcrossed to wild-type zebrafish (AB strain) to ultimately give rise to the F2 generation. Furthermore, potential off-target sites of each sgRNA were identified using a computational analysis as previously described (31) . By using the endonuclease T7 (T7E1) assay, we observed that off-target genome sequences were found not to be mutated compared with the respective on-target loci (Fig. S2) .
F1 aug-α1, aug-α2, and aug-β mutants carried a premature stop codon ( Fig. 1A and Fig. S1C , arrowhead), which resulted in the incomplete translation of the variable region in addition to the augmentor domain, regions essential for receptor binding (22) . Mutations in the primary sequence of Alk and Ltk are likely to prevent the expression of functional and active receptors ( ;aug-β −/− triple mutant (Fig. 1D) . qPCR analysis in all augmentor genotypes did not show any genetic compensation among this family of genes, not even in aug-α1 and aug-α2, duplicated gene paralogues of AUG-α (Fig. 1D) .
Together, these results indicate that we successfully identified augmentor genes in zebrafish and generated five loss-of-function mutant fish to study the requirement for Alk, Ltk, and their ligands in development. Additionally, we report that such signaling is not required for major early developmental decisions, including survival of the neural system. ;aug-β −/− triple-mutant embryos developed these light-reflecting pigments (Fig. 1C, arrows) . To further understand the individual contributions of Alk, Ltk, and the augmentors to this phenotype, we counted the number of iridophores present in the eye and tail in all genotypes. We first observed normal iridophore development in alk −/− embryos at 52 hpf, indicating that this receptor, by itself, was not able to contribute to eye pigmentation (Fig. 2 A and D) . In contrast, ltk −/− embryos showed no iridophore development, in agreement with other Ltk loss-of-function mutants in which the role of Ltk in iridophore specification, proliferation, and survival is well-characterized ( Fig.  2 A and D) (16, 17, 20) . Interestingly, alk −/− ltk −/− embryos did not possess a more severe defect in any additional pigment cells than the ltk −/− mutant alone ( Fig. 2 A and D) . Therefore, Alk does not genetically interact with or contribute to Ltk function in the pigmentation of the developing embryo.
Upon analysis of augmentor mutants, we discovered a 25% reduction in the number of iridophores in the eye of aug-α1 −/− and aug-α2 −/− single-mutant embryos (Fig. 2 B and D) . In contrast, an 80% reduction in the number of iridophores was observed in the tail of aug-α1 −/− mutants but not in aug-α2 −/− mutants ( Fig. 2 B and  D) . Interestingly, a synergistic effect, a 100% reduction in iridophore numbers of the eye and tail, was observed in the aug-α1
−/− double-mutant embryos, suggesting that Aug-α1 and Aug-α2 are the primary Ltk ligands driving iridophore development in embryogenesis (Fig. 2 C and D) . In support of this hypothesis, no significant reduction of this cell type was detected in aug-β −/− single-mutant embryos, nor was an additive effect observed in aug-α1
;aug-β −/− double-mutant embryos (Fig. 2 C and D) . Therefore, aug-α1 and aug-α2 are the main contributors to the lack of iridophores observed in the aug-α1 −/− ;aug-α2 −/− ;aug-β −/− triple mutants (Fig. 2 C and D) . Our findings demonstrate that expression of Aug-α1 and Aug-α2 is required for iridophore formation of the developing embryo and that loss-of-function mutations of both genes uniquely phenocopy mutants deficient in Ltk but not in Alk.
Ltk, Aug-α1, and Aug-α2 Are Expressed in NCCs During Embryonic Iridophore Development. Previous studies reported ltk expression in differentiated iridophores and in NCCs (16), the iridophore precursor expressing the transcription factor Sox10 during development (18, 19) . Because our results suggest that Aug-α1 and Aug-α2 are the primary ligands of Ltk responsible for eye pigmentation, we investigated their expression in NCCs in this particular region.
To this end, we took advantage of the Gal4 and upstream activation sequence (UAS) system in combination with CRISPR/ Cas9 technology (32, 33) . This strategy allows us to visualize the respective endogenous expression of Ltk and augmentors via an eGFP reporter in a transgenic sox10:mCherry;UAS:eGFP zebrafish line (Fig. 3A) . After 26 h, the activation of the KalTA4-UAS-eGFP signal was analyzed using confocal microscopy. In accordance with previous ltk expression analysis, eGFP driven by KalTA4 within the ltk 5′ UTR was detected in Sox10 + NCCs in the peripheral regions of the eye (Fig. 3B, arrows) . Interestingly, both the aug-α1:KalTA4 and aug-α2:KalTA4 transgenes activated UAS:eGFP in Sox10 + cells of the eye region (Fig. 3B, arrows) . In contrast, aug-β:KalTA4;UAS: eGFP embryos showed no eGFP expression at this particular anatomical position (Fig. 3B) . Therefore, aug-α1-and aug-α-2-expressing cells were visible in a region similar to that in which ltk and sox10 double-positive NCCs were visible, supporting the notion that these ligands could activate Ltk in a paracrine and/or autocrine fashion (Fig. 3B, asterisks) . Accordingly, the mRNA expression of Ltk, Aug-α1, Aug-α2, and Aug-β observed in embryos at different stages, together with the expression in FACS-sorted Sox10 + cells, further confirmed the imaging results from our transgenic GFP lines (Fig. S3) .
The analysis of these embryos together with the genetic evidence provided above suggests that NCCs are committed to differentiating into eye iridophores by Ltk activation through interactions with Aug-α1 and Aug-α2.
Aug-α1, Aug-α2, and Aug-β Are Differentially Required for Iridophore Patterning in Adult Zebrafish. Previous studies have shown that Ltk activity is required for iridophore development of the adult eye and body (16, 17, 20) . Specifically, Ltk is critical to committing adult pigment progenitor cells to iridophore specification (19) . We aimed to understand the role of ltk-augmentor interactions ;ltk −/− double mutants do not develop any iridophores in the eye or body and display abnormal stripe patterning, but iridophore development of alk −/− single mutants was similar to that of wild-type zebrafish (Fig. 4A) . Thus, our results recapitulate previously described phenotypes of adult Ltk mutants and exclude Alk participation in pigment cell development. Additionally, we observed that ltk −/− mutants comprise ∼25% of all offspring from a heterozygous cross but only 3% of adults, suggesting that Ltk may have another role in survival or in competing with wild-type peers. Importantly, we observed that iridophores develop normally in aug-α1 ;aug-β −/− double mutant (Fig. 4 B and C) . The detailed analysis of the body coloration revealed an unexpected finding. The aug-α1 −/− ;aug-α2 −/− double mutants displayed severe iridophore developmental defects of the body and a partial iridophore defect in the eye (Fig. 4C) . Because iridophores influence melanophore differentiation and migration (34) , these fish subsequently displayed abnormal stripe patterning similar to that in ltk −/− mutants (Fig. 4 A and C) . In contrast, aug-α2
double mutants displayed a severe and specific loss of eye iridophores with no significant stripe defects (Fig. 4C) . Therefore, ltkexpressing pigment progenitor cells could differentiate to iridophores in different and distinct anatomical regions based on augmentor availability.
In support of this, we observed a genetic dosing effect in combined augmentor homozygous and heterozygous genotypes. For example, in the case of eye and body pigmentation and patterning, fish genotypes such as aug-α1 −/− ;aug-α2 −/+ displayed partial disruption of eye iridophore development and stripe patterning compared with wild-type fish (Fig. 4D) . In this genotype, the aug-α2 wild-type allele partially contributes to iridophore development. Interestingly, only modest defects in eye iridophore development and normal stripe patterning are observed in aug-α1 −/+ ;aug-α2 −/− fish, thus suggesting that one aug-α1 allele is sufficient to allow normal body coloration (Fig. 4D) . The aug-α2
;aug-β −/+ and aug-α2
;aug-β −/− mutants displayed modest defects in eye iridophore development (Fig. 4E) . In this case, one allele of aug-α2 or aug-β contributes equally to the eye, while neither is required for body iridophore development and stripe patterning (Fig. 4E) . Thus, the α augmentors are the predominant ligands necessary and sufficient to drive stripe formation.
Together, these genetic experiments support the diverse requirement of augmentors in the development of adult pigmentation.
Conclusions
We demonstrate that Alk and Ltk ligands are required for iridophore development in embryonic and adult zebrafish. Our experiments show that aug-α1 and aug-α2 are essential to drive embryonic iridophore development and adult stripe development, while aug-β and aug-α2 together are critical for iridophore formation in the adult eye. Moreover, these processes are mediated entirely by Ltk and not by Alk (Fig. 5) .
This study fills a gap in the current literature describing iridophore development. In premetamorphic zebrafish (younger than 3 wk), iridophores arise from NCCs (20) , which can also give rise to glia, chondrocytes, neurons, and other cell types (19) . In postmetamorphosis zebrafish (older than 3 wk), neural crestderived pigment cell progenitors retain some multipotency and can differentiate into neural cells as well as iridophores (18, 19) . Both stem and progenitor cells express Ltk, even if they have not yet committed to pigment cell lineage (18) , and it was proposed that determination of neural crest and progenitor cell fates occurs via specific Ltk-ligand interactions (18) . Here, we provide genetic evidence that augmentors indeed stimulate this process.
Although all pigment cells of the adult emerge from a common origin, the striped patterning can vary within the same fish. For example, stripe development can differ in the fins and the flank region (35) . While we do not yet understand what factors dictate this limited region-specific stripe formation, genetic evidence suggests that different mechanisms of development could be involved (36) . One possibility is that particular ligand-receptor interactions activate a signaling cascade to determine the differentiation and proliferation of each pigment cell type at different sites (35) .
We show that augmentors act as key factors influencing temporal and spatial differentiation of Ltk-expressing NCCs or adult progenitor cells. It should be noted that triple-augmentor-null mutants were not detected, suggesting that additional defects could be responsible for their lack of survival to adulthood. Our current data indicate that a combination of aug-α1, aug-α2, and aug-β is required for specific iridophore differentiation from Ltk + stem/progenitor cells. Further analysis is required to determine the role played by aug-α1, aug-α2, and aug-β stimulation of Alk + stem/progenitor cells. The genomes of D. melanogaster and C. elegans contain a single ALK-like RTK designated "Alk" (26) or "suppressor of constitutive dauer 2" (SCD-2) (25), respectively. In zebrafish, mice, and humans, LTK is also recognized as part of this receptor family. We propose that the zebrafish genome contains two orthologs of ALK-like RTKs, alk-1 and alk-2, rather than Ltk and Alk, respectively. Direct binding and cellular experiments with human AUG-α and AUG-β have shown that AUG-α functions as a high-affinity ligand for ALK and LTK, while AUG-β functions as a high-affinity ligand of LTK (22) . It is not yet clear whether zebrafish Alk and Ltk ligands follow a similar hierarchy and specificity toward their zebrafish receptors. Further study will be necessary to deepen our understanding of these receptor-specific functions in biology. This could be critical in light of a potential role proposed for ALK in human melanoma (12) . The analysis of Alk-1 and Alk-2 and their ligands therefore could reveal ancestral signaling pathways that might be reactivated in human pigment cell malignancy. Our paper represents one step toward this fascinating perspective.
Materials and Methods
Zebrafish Strains and Husbandry. D. rerio embryos and adults were maintained at 28.5°C on a 10-h dark/14-h light cycle and were handled using standard methods and according to the provisions of The Yale University , and Tg(KDR: GFP; Sox10:mCherry) (37).
sgRNA Preparation. The sgRNAs were prepared using a cloning-free procedure as previously published (31) . sgRNA sequences were determined for each gene using CRISPRscan (Table S1 ) (29) .
In Vitro-Transcribed mRNA Preparation. In the case of Cas9 mRNA, the plasmid pT3TS-nCASn (Addgene no. 46757) was linearized with XbaI and purified for processing with an mMESSAGE mMACHINE T3 Transcription Kit (Ambion).
Zebrafish Injection. For the generation of zebrafish mutants, embryos were injected at the single-cell stage with 2 nL of solution containing 100 ng/μL Cas9 mRNA, 30 ng/μL sgRNA, and 10% phenol red. To generate the KalTA4/ UAS:eGFP fish, the donor plasmid was injected into zebrafish embryos at a concentration of 30 ng/μL in addition to 30 ng/μL sgRNA, 100 ng/μL Cas9 mRNA, and 10% phenol red. Donor plasmid preparation consisted of cloning 300-500 bp corresponding to the sequence flanking the sgRNA target-site primers specific to the 5′ UTR of each gene (Table S1 ) into eGFPbait-E2A-KalTA4-pA donor plasmid via BamHI and EcoRV (32) . Injected embryos were subjected to image acquisition (see below).
Genotyping. Genotyping was performed using 6-FAM PCR fragment analysis as previously described (38) . Primers used are listed in Table S2 .
Total RNA Preparation and Real-Time qPCR. Isolation of total RNA from whole embryos was performed as previously described (38, 39) using primers listed in Table S2 . The relative expression was normalized to β-actin and was calculated using the 2 −ΔCt or 2 −ΔΔCt method (40) .
Image Acquisition. Confocal microscopy was performed using the Leica Microsystem SP5 confocal microscope as previously described (38) . For iridophores analysis, 52-hpf embryos were briefly anesthetized with Tricaine (Western Chemical), and pictures were captured with the Leica Application Suite (Leica), using the Leica MacroFluo system and Leica LED5000RL illumination system (Leica). The number of iridophores was counted by ImageJ (NIH). For eye iridophore quantification, individual cells within the eye were counted. For tail iridophore quantification, individual cells located on the dorsal stripe between the yolk extension and the tail tip were counted.
